The aim of this study was to investigate the overall performance of different types of recycled glass media with the optimised coagulation conditions for drinking water treatment. Tests were performed using a laboratory-based filtration unit, with dual filter media configurations and synthetic raw water. The glass media showed comparable performance for both filtration and backwashing and avoided the breakthrough of particles in the effluent. Moreover, the promising performance of the glass media was a slow head loss development which should grant longer filtration runs, less backwashing requirement and thus possible clean water and energy savings.
A c c e p t e d M a n u s c r i p t
INTRODUCTION
More stringent standards for drinking water quality are pushing researches towards raising the treatment performance further, although some of the highest quality drinking water is produced in Scotland. Filtration is a fundamental process for drinking water treatment, being effective towards the removal of colour, turbidity and microorganisms [1] . An optimisation of filtration can lead to an increase in the effluent quality and a reduction in energy consumption, e.g. via a lower backwashing frequency. To this end, various approaches have been considered including the optimisation of the pre-treatment and the replacement of the traditional granular filter media.
Among the pre-treatments, coagulation is particularly important; if ineffective, it is the main cause of failure performance during filtration [2] . Moreover coagulation is effective for the removal of both particulates and dissolved organic carbon (DOC) [3] , the latter being one of the main targets for drinking water treatment in Scotland. Regardless of this, research on the influence of coagulation on filtration has been limited [4] , especially with regards to the most recently developed filter media and their performance.
In the last few decades, developments in both filtration equipment and associated media were reviewed where glass media was listed as alternative media for water filtration [5] . Other alternative filter media include pumice [6] and crushed quartz [7] . For the waste glass, once it has been discarded, it cannot be used to produce new containers, as the colour of the glass required on the market is different. Recycling them for the use in water treatment represents a good solution to reduce the emission of CO 2 in comparison with landfills of waste glasses.
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A c c e p t e d M a n u s c r i p t 3 Moreover, processing and reuse of waste glasses as filter media need less energy and produce less CO 2 emissions than that quarrying and processing of virgin sand as filter media [8, 9] .
Research on the deployment of glass media in water filtration has so far been spread but of limited depth, mainly in applications in waste water treatment [8, [10] [11] [12] [13] [14] [15] , swimming pools water supply [16] [17] [18] , on-site waste water treatment [19, 20] and a few cases for drinking water treatment. Manufacturers affirm recycled glass has shown improved performances in comparison to sand (with an efficiency increase up to 30%), but this is generally calculated considering the cost savings associated with the different backwashing requirements and maintenance. For the similar removal percentages of particles, glass media can run 10-15% longer than the sand based filteres [8, 21, 22] . Composition media of glass with other materials were studied and reported [23] , where 90 wt% of waste LCD glass was mixed with kaolinite, and mixtures of carbon, Na 2 CO 3 , CaCO 3 and Na 2 SO 4 as foaming agents and the MgO as a parting agent for 10 min of foaming calcination in the rotary kiln at 970-1000 °C, to form the spherical foamed filter media, which performed well in waste water treatment. Several additional studies have been conducted both for gravity filtration and pressure filtration, in single and dual media configurations.
Rutledge et al. tested recycled glass media and anthracite as a dual media configuration against sand/anthracite [24] . Their data showed better performance of the sand than that of crushed glass in terms of particle count, with the exception of particle size of 5-7 μm. An explanation of this is given by Soyer et al. [25] , who indicated the different grain sizes of the media as the cause; 0.33 mm for sand vs. 0.59 mm for glass.
A c c e p t e d M a n u s c r i p t 4 Recycled glass in a single media configuration for gravity filtration was tested by Evans et al. [26] . In the study no significant differences were measured between sand and glass media with regards to residual turbidity and particle count. Similarities between the media for ripening times were recorded, but particle breakthrough occurred later for glass rather than for sand. The most notable differences were noted in the head loss development -for some of the runs with the glass based media it was 15% slower -and the backwash expansion, which was 10-20% higher for glass. After the addition of the filter aid, however, glass required longer backwashing times than sand [26] . Soyer et al. [25, 27] looked at both single and dual media configurations in two different studies. During the single media configuration experiments, a similar backwashing expansion was recorded for the two media. As experienced by Evans et al. [26] , the head loss was smaller for glass, but the two configurations reached similar removal effectiveness. The same results were obtained with the dual media configurations, indicating a strong influence of the sand/glass layer on the process rather than the anthracite one [25, 27] . A study by Davies et al [28] compared sand to several alternative filter media, including recycled glass. The lower efficiency of glass for turbidity removal was explained considering the smaller size and consequent smaller surface area of the glass-based material. The head loss (initial and development) was higher than the one experienced in the other trials and more similar to sand [28] . In the pilot scale trials no considerable difference was found between sand and glass for the removal. The initial head loss was lower for glass, and the development throughout the run was slower [28, 29] . The study performed by Bové et al. [30] , aiming at considering the application of recycled glass for micro irrigation, reached different conclusions. Sand was found to cause a 
MATERIALS AND METHODS

Filtration unit
Tests were performed in a laboratory setting with synthetic raw water.
The water was prepared with the addition of 50 mg/L of humic acid (Sigma Aldrich) and 0.5 mg/l of kaolin to tap water. The characteristics of the solution thus obtained are summarised in Table 1 .
The filtration unit employed is composed of a coagulation/sedimentation tank and a filtration column (155 cm with a 4.2 cm diameter). Due to the safety measures of the campus laboratory, the tests were conducted in an intermittent mode; the unit was operated for 4 hours each day.
Although the data generated from this study is valuable to assess various filter media comparatively, the intermittent mode of the filtration operation is not recommended in drinking water treatment [35] . A constant flow rate of 2.3 m 3 m -2 h -1 was maintained via a flow meter located at the bottom of the column. After said 4 hours the filter was stopped and operations were reprised the following day, after performing coagulation and sedimentation on a new batch of raw water. The end of the run was reached after 40 cumulative hours of operations or with the maximum head loss development allowable (55 cm).
The trials for backwashing were performed at a later stage; it was initially necessary to partially clog the media. This was achieved by performing coagulation (with PACl) on similarly prepared model raw water and then proceeding to direct filtration, maintaining the slow mixing of the to 20 l/h over 2 minutes; a similar ramp down was performed at the end. The air flow was maintained at 17 l/h for each configuration, with a pressure close to the atmospheric one. To assess the effectiveness of the backwashing, filtration tests were performed at the end of the procedure described above: coagulated and settled model water was filtered at the same flow rate used for the main trials. Turbidity was measured every 15 minutes for 2 hours.
Filter media
The bed depth was maintained at 100 cm for all of the configurations, with a 1.5:1 ratio in favour of the heavier (glass/sand) material.
Sand and anthracite (Everzit, Evers) were tested as a reference. Three different glass based media The relationship between sizes and densities was also carefully considered for backwashing to be implemented without any disruption to the media [2].
In order to obtain a more thorough understanding of the performance, the media were analysed through scanning electron microscopy (SEM) with EVO 50 XVP (Zeiss). Several magnifications were attempted (500, 1000, 2000), though ultimately images magnified 1000 times were chosen as the most significant, giving a perfect balance between the amount of detail and the clarity of the image.
Coagulation
Coagulation with aluminium sulphate (alum, Laboratory reagent grade, Fisher Chemicals), poly aluminium chloride (PACl, POLYGOLD PAC, Goldcrest Chemicals) or ferric sulphate (General purpose grade, Fisher Chemicals) preceded filtration and was followed by sedimentation.
Effective dose and pH for each of the coagulants were determined through jar tests: the addition of the coagulant was followed by rapid mixing (250 rpm for 1 min), slow mixing (35 rpm for 20 min) and sedimentation (30 min). A dose of 5 mg/l with pH between 6.2 and 6.7 was chosen for alum, while 7 mg/l and pH 6.5 were deemed optimal for PACl. Ferric sulphate showed the best performance at 8 mg/l and pH between 5.5 and 6.The pH was adjusted with the addition of A c c e p t e d M a n u s c r i p t 9 variable amounts of sodium hydroxide (1 M) immediately after the coagulant, depending on the pH measurement.
During operations with the filtration unit the mixing regime was similarly performed, though the sedimentation time was increased to 90 minutes to avoid the blockage of the pump or the pipes.
Analytical methods
Samples collected from the raw water, the supernatant after coagulation/sedimentation and from the effluent after filtration were analysed according to the standard procedures [36] . The parameters considered for the evaluation included particle count in the range 0.9 to 140 μm 
RESULTS AND DISCUSSION
SEM results
The images obtained through the SEM analysis are presented below (Fig. 1 ). As mentioned above, magnification and thus scale are the same in all cases.
A comparison between Figs. 1b, 1c and 1d shows clearly that the three glass media present a similar structure, with smooth surfaces and indentures along the edges, due to higher friability of the material. Sand (Fig. 1a) appears completely different, with a series of pores and a generally more irregular surface. The glass media show clearly a higher angularity in comparison to sand, which is the reason for the lower head loss development reported by other authors. The aspect of filtralite is characterised with high internal porosity (Fig. 1f) , due to the production process of the material, which apparently influences the grain shape and leads to very rough grain surface.
It is likely that the rough grain surface favours to the retention of deposited flocs, and therefore better filtration performance [32] . Everzit displayed in Fig. 1e shows a flatter and smoother aspect, though not to the same extent of glass. The structure appears to be formed of several planes, which might be eroded to expose the ones below.
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Supernatant after coagulation/sedimentation
The parameters measured after coagulation/sedimentation are shown in Table 3 .
PACl shows a good performance for several contaminants in comparison to the metal salts, as previously discussed in the literature [39] . Lower efficiencies are though observed with regards to the residual suspended solids and especially for the particle count for sizes above 2 μm. While for the sizes ≤ 2 μm PACl presents a number of particles/ml almost equal to half that of alum and ferric sulphate, the values are similar for the range 2-140 μm, being particularly close for ferric sulphate. The higher flocculation capacity of PACl, which grants high effectiveness for the other parameters, is likely to cause a shift towards higher values in the size distribution. Ferric sulphate allows a lower residual DOC value than Al-based coagulants, in accordance with results from previous studies [40, 41] .
Head loss development
The head loss development measured for each of the configurations with the three coagulants selected is shown in Fig. 2 For several configurations, the head loss development shows some peaks and drops throughout the run. This phenomenon might be caused by changes in the flow rate due to the intermittency of the operations for this study which could lead to a redistribution of particles within the filter column and thus changes in the raw water quality [34].
Particle counts
As mentioned above, particle counting is more reliable when the turbidity values are low; in this case, for the filtrate treated with PACl they never exceed 0.2 NTU (not shown). A similar effectiveness can be observed in the results shown in Fig. 3 , residual number of ≤ 2 μm particles: A c c e p t e d M a n u s c r i p t 13 coagulants, there is at least one alternative configuration outperforming sand/Everzit: a suitable alternative could be selected depending on the pre-treatment adopted by the plant.
The differences among coagulants and configurations are less conspicuous when the residual number of 2-140 μm particles is considered (Fig. 4) . Enviro/Filtralite appears to be more effective; when PACl is used the performance is similar to that of sand/Everzit. The peaks appearing towards the middle of the run for the latter can likely be ascribed to analytical error.
Backwashing
The dual media configurations were backwashed according to the procedure described previously. Two backwashing cycles were performed in order to obtain reliable results ; table 4 and Fig. 6 show the results for the second cycle. 
CONCLUSIONS
Conclusions emerging from this study were:
First, the alternative glass media configurations granted similar performance in relation to that of sand/anthracite in terms of the organic content removal and the residual numbers of particles.
However, a slower head loss development with glass media configurations was observed; final head loss values of them were 50% lower than those obtained by sand/anthracite. This, combined with the less particle breakthrough witnessed for these configurations, could lead to a promising application of glass media in the water industry.
Secondly, a long filtration run would lead to a lower frequency of backwashing, in turn leading to the reductions in energy and backwashing water consumption. In terms of backwashing, the glass media configurations behaved similarly to sand/Everzit, with slightly longer ripening times which could be resolved when applied to a large scale trial.
Finally, the effectiveness of the chosen coagulation conditions towards filtration performance has been confirmed, and the need for a tailored optimisation for each filter media configuration has been shown. In view of a thorough improvement of the filtration process it is thus recommended to carefully evaluate the performance of the media with several coagulants to find the optimised combination that allows for the best treatment results. A c c e p t e d M a n u s c r i p t 29 A c c e p t e d M a n u s c r i p t 30 Depth of intermixing of the media (cm) 10 6-7 5-6 8-9
